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Using two frequency-doubled, mtrogen laser pumped, dye-lasers we hJvvc measured the decay of the photon-echo in the 
lowest r&u - ‘Alg singlet state of naphthalene in durene and m perdeurero-naphthalene. Optical phase relaxation in the 
durene m&ed crystal is believed to be caused by resonant phonon scattermg in the ground and cvzited state, and in the iso- 
topically mixed crystal by scattering of the excited state into the nnglet -a&on band. At the lowest achievable tempe:atore 
(1.4 K), the photon-echo decay time (Tz) in both systems is still found to be much shorter than expected from the fluores- 
cence decay times_ Energy transfer is held responsible for this dlscrepanclp. 
1. Introduction 
Only recently [ 1] have photon-echo relaxation 
measurements [2] become a convenient tool to study 
the phase relaxation characteristics of excited mole- 
cules in the condensed phase. It therefore seems time- 
ly to apply this technique to a study of the electronic 
(phase) relaxation properties of those molecules that, 
in the past, have been studied spectroscopically in 
great detail, and we have selected the system naphtha- 
lene in durene (N-&@-h,,) and naphthalene in per- 
deutero-naphthalene @fz8/N-d8) for a photon-echo 
study. In the former mixed crystal system, first studied 
in detail by McClure 131, the lowest lBlu state of 
naphthalene (the long molecular axis is taken as the 
z-axis) is far below (=4400 cm-l) the host (durene) 
exciton band and the guest state is a so-called deep 
trap. In the isotopically mixed crystal however the 
trap depth is only 48 cm-1 [4], and since the singlet 
exciton band spans about 160 cm-l [5], the guest 
state in this case is a shallow trap. 
In this report we will show that the optical relaxa- 
tion processes of the shallow- and deep-trap naphtha- 
lene are of a different nature. We will also show that 
the nsphthalene mixed crystal is an ideal system to 
study energy transfer phenomena. 
2. Experimental 
The set-ap used to generate and detect photon- 
echoes wab similar to the one previously reported [ 11, 
except for the following modifications. Two Molectron 
nitrogen lasers (W-400 and W-12) were used to 
pump a Molectron (DL-200) and a home-budt dye- 
laser of similar characteristics (bandwidth 0.6 cm-l. 
pulse length 5 ns). To excite naphthalene a mixture 
of rhodan me-B and chresyl violet perchlorate in etha- 
nol was u-ed as a lasing dye. 
The output of both dye-lasers was separately fre- 
quency doubled using KDP to generate the necessary 
near-W radiation (3 168.0 A for N-fig/D-II 14; 3 169.5 
A for N-/I~/N-~,). Initially we used only one KDP 
crystal to frequency double both, collmearly aligned, 
beams bm noticed that the doubling efficiency for 
the second pulse is dependent on the separation 
between the first and second pulse. The heat devel- 
oped in the crystal, during passage and frequency 
doubling of the first pulse, apparently is large enough 
to effectively change the phase-match conditions for 
the second pulse. The fluorescence hfetimes reported 
here were measured using a boxcar with a gate of 11 ns 
which was synchronized to a Pockells cell that gated 
the emission. 
The mixed crystals of naphthalene in durene were 
grown from zone-refined material in a Bridgman fur- 
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nace and only those crystals which showed excellent 
optical surfaces, were selected for the photon-echo ex- 
periments. The isotopically mixed crystals of naphtha- 
Iene were obtained from Dr. J. Schmidt of the Univer- 
sity of Leyden. 
3. Results and discussion 
3. I. Phonon induced photon-echo relaxation 
The temperature dependence of the photon-echo 
intensity given in fig. 1, exposes the different relaxa- 
tion behaviour of the naphthalene shallow- and deep- 
trap. 
The noisy curves were experimentally obtained by 
slowly raising the temperature, while monitoring the 
photon-echo intensity with a boxcar integrator. Curve 
A is the result for the system N&,/N-d,, while curve 
B belongs to the system N-~z~/D-~z~~. The soiid curves 
in fig. 1 are calculated whereby we assume that the 
temperature-dependent part of the echo-relaxation 
time (T2) is of the following form: Tz(T) = k, X 
exp(u/kT) [6,7] _ From the fit to the experimenta 
curves we then extract the following (k,, m> values: 
4 < k, < 20 ps and & = 17 i 2 cm-’ for the system 
N-h8/D-h14 while for the System N-lz8/&i we ob- 
H tain2<k,<lOpsandAE=36*3cm- . 
For the system N-~z8/D-tz14 we interpret the ob- 
served relaxation behaviour in terms of-a resonant 
phonon scattering process as in the case of tetracene 
and pentacene in p-terphenyl [7]. The measured ac- 
tivation energy for T2 would then correspond to the 
(resonant) phonon frequency in either the ground or 
excited state of naphthalene or, if the ground and ex- 
cited state phonon frequency are very similar, to the 
average. McClure, in the first paper on naphthalene in 
durene [3], reported the lowest excited state phonon 
frequency to be 15 ~m-~. From a highly resolved 
spectrum of naphthalene in durene, given in the thesis 
of Wessel [S] , we have calculated a more accurate 
value of 18.5 cm- I. Chereson et al. [9] reported ob- 
servation of a pseudo-localized phonon in the ground 
state of 19 cm-l _ The known spectroscopic data of 
naphthalene in durene are thus consistent with the as- 
sumption that resonant phonon scattering in the 
ground and excited state are responsible for the ob- 
served photon-echo relaxation. 
In the isotopically mixed crystal no phonon side- 
bands are observed as shown in fig. 2, where the ab- 
sorption spectrum of the crystal at several tempera- 
tures is displayed_ First note in fig. 2 that the onset 
1‘1~ 1. Photon-echo mtenslty as a function of temperature in the lowest ‘B tu + *AQ transition of naphthalene in perdeutero- 
naphthalenc (A) and in d-zrcne (B). The exciting pulse separation in both experiments was 30 ns. The noisy curves are experimen- 
tally obtained. The solid lmes are fittings assuming Tz to be exponentially activated. The dotted lines are fittings assuming Tz to 
exhibit a T7 dependence. 
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Pig. 2. u-polarized absorption spectra of the isotopically mixed 
crystal (2.5 mm thick) of naphthalene (11s in ds: lo-’ mol o/o) 
at various temperatures. The sohd lme is the spectrum at 
lowest temperature. The photon echo experiments were per- 
formed with the same polarization. With b-polarized light the 
monomer absorption was about 3 times more intense, while 
the shift of the exciton band with temperature was much 
smaller, a feature which remains to be explained. 
of the host absorption undergoes a large red-shift with 
increasing temperature; a feature already reported by 
Propstl and Wolf Cl 01. 
More important for the present work however is 
the fact that at 4 K, where the photon-echo starts to 
decrease in intensity, the distance between the naph- 
thalene-!z8 monomer transition and the onset of the 
naphthalene-dg host crystal absorpticn is 35 cm-l_ 
This is within the error range of the activation energy 
measured (36 + 3 cm-‘) for the decay of the photon- 
echo. 
We therefore conclude that photon-echo relaxation 
in the isotopically mixed crystal is due to scattering 
of the guest excited state into the host singlet exciton 
band. The photon-echo in such crystals thus yields es- 
sential direct information on the detrapping of shallow 
traps into the host exciton band. Such information is 
indispensable for a better understanding of energy 
migration in solids 11 l] . 
We now return to a discussion of fig. 1 showing 
that other relaxation processes than the exponentially 
activated ones give a less satisfactory account of the 
observed photon-echo reiaxation. When the optical ex- 
citation relaxes through scattering across the entire 
acoustic phonon branch (approximated by a Debye 
density of states function) T2, at low temperature, is 
expected to be proportional to T7 1121. The dotted 
curves in fig. 1, calculated on this basis, clearly show 
that the fit to the experimental data is less satisfactory. 
We will now discuss the measured k, values and 
first note thnt the large uncertainty in the reported 
k, values is mainly caused by the extreme sensitivity 
of these values towards measurement of the absolute 
temperature in the crystal. Photon-echo measurements 
up to higher temperature would certainly consider- 
ably improve the accuracy of these values. At present, 
such measurements could be done only using picosec- 
ond pulses. In the durene mixed crystal, assuming 
resonant phonon sc&tering in the ground and excited 
state to be equally efficient, we calculate for the aver- 
age resonant phonon lifetime (T = $k_) the following: 
2 < r < 10 ps. We note here that the lower limit of 
the phonon lifetime in the excited singlet state is iden- 
tical to the lifetime of the same phonon in the ground 
state as reported by Fischer [ 131 *_ Verbeek et al. [ 15) 
however report (cautiously) a lifetime of ca. 103 ps 
for the same resonant phonon in the lowest triplet 
state of naphthalene in durene. They analyzed their 
data, using an exchange model developed by van ‘t 
Hof and Schmidt [ 161 ,while we interpret our results 
in terms of resonant Raman-like phonon scattering. 
We note !lere that Harris [ 171 has recently dis- 
cussed an “exchange mechanism” that, as the “reso- 
nant phonon scattering mechanism” [7,18], predicts 
optical dephasing processes in sohds to be exponen- 
tially activated. As the phonon lifetime plays an es- 
sential role in both relaxation models, its direct meas- 
urement is clearly desirable. We defer dlscussion of 
the applicability of either optical relaxation model to 
a forthcoming paper on the level-shift and -width of 
the lowest singlet-singlet transition of pentacene in 
p-terphenyl [ 19]_ 
In the isotoplcally mixed crystal iKe interpret 
k-(2 < k, < 10 ps) as the lifetime of a compound 
trap-phonon state which is resonant in energy with 
energetically lowest (k = 0 in naphthalene) levels in 
the exciton band. 
* We note here that the analysis of the line broadening given 
by I-ischer in this paper is incorrect. In general the line- 
shape of impurity absorptions is expected to be of the 
Voigt type (ref. [ 131, ch. 15). The line brondening must 
then be obtained by deconvolution, whereby the tables of 
Poscner may be used 1141. 
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3.2. Photon-echo relaxatiorz through etzetgy transfer 
Fig. 1 further shows that below 1.5 K, in both 
mixed crystal systems, the photon-echo intensity re- 
mains constant. We have therefore measured at 1 S K 
the photon-echo decay rates to determine whether or 
not there are other processes than radiative decay 
that relax the echo. The results of these measure- 
ments are shown in fig. 3. 
First note the dashed line in fig. 3, which repre- 
sents the expected photon-echo decay calculated 
from the fluorescence lifetime (170 ns) of naphtha- 
lene in durene. We note here that the measured life- 
time of 170 +- 5 ns is substantrally shorter than the 
one (3 10 ns) measured in the gas phase after excita- 
tion into the origm [20]. The open and closed circles 
represent the measured echo intensities as a function 
of exciting laser pulse separation for the system naph- 
thalene in durene. The open squares give the results 
obtained for the system naphthalene in perdeutero- 
naphthalene. First note that in none of the crystals 
used, decays the photon-echo as expected for the case 
of pure radiative decay. A second point evident from 
the figure is that the photon-echo relaxation rate is 
9 \ 
,\ 
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Fig. 3. Photon-echo intensity of naphthalene in durene (o,o) 
and perdeutero-naphthrdene (o) as a function of exciting laser 
pulse separation at 1.5 K. The sotid lines are least square tit- 
tings through the experimental points. The (nominal) concen- 
trations used were the following: open circles (N-?za/Wz r4) 
4 X 10m3 mol 5%; closed cucles (N-ha/D-hr4) 1.7 X lo-* 
mol I; open squares (N-ha/N-da) IO-* mol %. The dashed 
curve is the one expected if only radiative decay in the system 
N-ha in Dhr4 is responsible for the decay of the photon-echo. 
clearly dependent on the guest concentration. This 
last point leads us to conclude that energy transfer is 
responsible for the observed discrepancy between the 
measured T2 and 2TI. The same holds for the isotopi- 
tally mixed crystal of naphthalene where the photon- 
echo relaxation rate of the crystal used is also much 
faster than calculated from the fluorescence lifetlme 
(107 + 5 ns). The above results clearly show that the 
naphthalene mixed crystals are very suitable for a de- 
tailed study of energy transfer processes and momen- 
tarily such an investigation is pursued in our laborato- 
ry. Earlier we announced such a study for the system 
pentacene in p-terphenyl [l] but this system turns 
out to be inappropriate. 
A last point to note is the different fluorescence 
lifetime of the shallow- (107 ns) and deep-trap (170 
ns). The shallow trap apparently is significantly per- 
turbed by the host exciton band. This point certainly 
deserves more attention. Besides this we found that 
the monomer fluorescence lifetime in the isotopically 
mixed crystal did not change (e.g. by thermal popula- 
tion of the host exciton band) when the temperature 
was raised to 14 K. So far we have ignored the effect 
of the triplet state in the photon-echo formation. 
However, as the photon-echo intensity is directly pro- 
portional to the square of the number of molecules 
participating in the echo formation, intersystem cross- 
ing to a long-lived triplet state may effectively reduce 
the echo amplitude 1213. In our experiments this ef- 
fect was observed by suddenly exposing the crystal to 
the exciting laser pulses. The instantaneous intensity 
of the photon-echo signal far exceeds the steady-state 
value at the 10 Hz repetition rate, used in our experi- 
ments. The indirect coupling of the triplet state to 
the photon-echo, formed in the singlet-singlet transi- 
tion, could be exploited by monitoring on the photon- 
echo changes induced (e.g. by microwaves) in the trip- 
let state population. 
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